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FLARED CORONARY ARTERY BYPASS GRAFTS 
David J. Farrar 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

5 The present invention relates generally to vascular grafts having at least one flared end to 

facilitate anastomosis to a blood vessel, such as a vein or an artery, or between blood vessels. 
More particularly, the present invention relates to polymer grafts having at least one flared end, 
which forms a skirt or cuff to form an anastomosis with the aorta. 

2. Description of Related Art 

10 When a blood vessel becomes occluded, a vascular surgeon may restore proper blood 

flow by performing a surgical bypass procedure. In the medical treatment of patients with 
diseased arteries or veins, surgeons may replace or bypass the occluded vessel with prosthetic 
conduits, such as vascular grafts. Examples of such grafts have been made fi"om a polyester 
fabric ( e.g. . Dacron® fabric), or polytetrofluroethylene (PTFE) fabric (e.g. . Teflon® fabric). 

15 Fabrics woven or knitted of these polymers also have been used as patches or reinforcements. 
Known procedures for restoring proper blood flow include creation of a formal surgical incision 
and exposure of the blocked artery or vein. A prosthetic bypass graft or a natural vein then may 
be sutured to the occluded vessel both upstream and downstream of the occlusion in order to 
divert the flow of blood around the occlusion. Known grafts, however, may kink or collapse 

20 mechanically under a variety of circumstances, such as when the graft is bent during the 
contraction of the surrounding muscle or tissue, or when external pressure is applied to the graft 
when the graft recipient moves. In addition, small diameter vascular grafts, i^, internal 
diameters less than about six (6) mm, have a tendency to become obstructed due to neointimal 
proliferation or thrombus formation. 

25 A solution to these problems has consisted of the reinforcement of the walls of vascular 

grafts by the attachment of either discrete polymeric rings or of a continuous spiral of polymeric 
bands to a portion, albeit sometimes a small portion, of the exterior surface of the graft. A 
reinforcing member may be fixed over the graft component through a variety of means or 
methods. Such reinforcing members are described in U.S. Patent No. 5,085,065, which is 

30 incorporated herein by reference. The means or methods chosen to accomplish the fixation 
affects to a certain degree the graft's compliance, and the resultant compliance of the reinforced 
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graft assembly may vary between applications of the reinforcing member. In addition, 
compliance is adjustable by winding the fibers of a reinforcing member at an angle, which may 
enhance kink resistance. 

Although it may be desirable to reinforce grafts to prevent kinking or collapse, it is also 
5 essential that the graft remain compliant. Natural blood vessels are compliant and can expand 
both radially and longitudinally as blood is pumped through them. Reinforcing members, 
however, may reduce the radial compliance or the longitudinal compliance, or both, of an 
artificial grafts. A non-compliant graft may reduce the pulsatile flow through the graft, thereby 
compromising the ability of the graft to fiinction naturally to correct an occlusion. In addition to 
10 the method described above, compliance may be adjusted by varying the durometer hardness of 
the fibers from which the reinforcing member is made and of the base material for the graft. 
Nevertheless, known manufactured vascular grafts may exhibit limited compliance. 
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SUMMARY OF THE INVENTION 

Therefore, a need has arisen for a compliant, kink-resistant, and easy to handle vascular 
graft, such as coronary artery bypass graft (CABG). It is a feature of a graft according to the 
present invention that it has at least one flared end. Because the diameter of blood vessels may 
5 vary between patients, as well as within each patient, it is desirable to have a vascular graft, 
which has a diameter on one end larger than that on the other end. It is an advantage of this 
flared end configuration that it facilitates surgical attachment of the graft to an artery, such as the 
aorta. It is a fiirther advantage of this flared end configuration that the effects of neointimal 
proliferation may be reduced or eliminated, especially in small diameter vascular grafts. It is 

10 another feature of a graft according to the present invention that it may be made fi"om polymeric 
materials, for example, polyurethanes, such as polyether urethanes, polycarbonate urethanes, 
polyester urethanes, silicone polyether urethanes, silicone polycarbonate urethanes, or the like. It 
is yet another feature of a graft according to the present invention that the side walls of the graft 
may be reinforced. In particular, the graft may be reinforced by a multi-layered construction. 

15 Moreover, a graft according to the invention may be substantially cylindrical or tubular to 

attain increased graft strength and resistance to tearing, especially at connection points with an 
occluded and a bypass vein or artery. It is an advantage of the use of these polymeric materials 
that graft may be flexible and kink-resistant. 

In an embodiment of the present invention, a bypass graft, such as a CABG, comprises a 

20 tubular portion having an internal tubular diameter and^a first end and a second end. The tubular 
portion has a central axis. A flared portion has an adjoining end, wherein the adjoining end of 
the flared portion is integrally formed on and is substantially concentric with the second end of 
the tubular portion. The flared portion also has a flared end, wherein the flared end has an 
internal flared end diameter, such that the internal flared end diameter is greater than the internal 

25 tubular diameter; whereby the flared portion comprises a circumferential skirt for surgical 
attachment of the graft to a patient's blood vessel, i^, a vein or an artery. 

The present invention provides a graft having a first and a second end. The first end is 
flared around the central axis of the internal diameter of the graft to form a skirt having a 
substantially circular opening larger than the intemal diameter, for surgical attachment of the 

30 first end to a blood vessel, such as the aorta. The skirt may altematively be asymmetrically 
flared around the central axis of the graft forming a substantially elliptically shaped opening, The 
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circular or elliptical opening of the skirt may have an axis which is parallel to the axis of the 
internal diameter of the graft or, alternatively, the axis of the skirt may be at an oblique or other 
angle to the axis of the internal diameter of the graft, so that it may be readily sutured at an acute 
angle. In either the circular or the elliptically (e.g. . asymmetrically) flared configurations, the 
skirt is adjustable, trimmable, or foldable to be readily adapted for suturing at an acute angle to a 
vein or an artery, such as the aorta. 

Methods for forming multi-layered, polyurethane, CABG are also provided by coating 
suitably shaped mandrels with polyurethane materials. In a further embodiment of this 
invention, a method for manufacturing a bypass graft, comprises the steps of providing a mandrel 
having a tubular portion and a flared end with a flared end central axis; forming at least one layer 
of polyurethane over the mandrel; drying the at least one layer of polyurethane on the mandrel; 
forming a skirt edge around the flared end of the mandrel to form an opening at a predetermined 
angle to the flared end central axis; forming a second edge around the tubular portion of the 
mandrel; and removing the graft from the mandrel. 

Other objects, features, and advantages will be apparent to those skilled in the art in view 
of the following detailed description of the drawings and the accompanying drawings. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

The present invention may be more readily understood with reference to the following 
drawings, in which: 

Fig. 1 depicts an embodiment of a graft having a flared end according to the invention; 
5 Fig, 2 depicts another embodiment of a graft having a flared end according to the invention; 
Fig, 3 depicts still another embodiment of a graft having a flared end according to the invention; 
Fig, 4 depicts yet another embodiment of a graft having a flared end according to the invention; 
Fig. 5 shows the use of the flared CABG connecting the aorta to a coronary artery; 
Fig. 6 is a cross-sectional view of the layered structure of the flared grafts according to the 
10 invention; 

Fig. 7a-c depict various mandrel configurations; 

Fig, 8 is a flow chart of an embodiment of a method for forming grafts according to the 
^.y invention; and 

Pj Fig. 9 is a flow chart of another embodiment of a method for forming grafts according to the 

:^ 15 invention. 
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DESCRIPTION OF PREFERRED EMBODIMENTS 

Fig. 1 depicts a graft 1 according to the invention, namely a CABG, having a flared end. 
A tubular portion 10 of graft 1 has one flared end, formed by a skirt 11, which is symmetrically 
flared to form a substantially circular opening 12. The axis of opening 12 is substantially 
5 parallel to, if not concentric with, an axis 13 of the tubular portion 10. Thus, opening 12 may be 
substantially concentric with tubular portion 10. Skirt 11 forms an open space 15, which is 
circumferential ly and volumetrically larger than the space provided in a corresponding section of 
the tubular portion 10. Preferably, graft 1 is monolithic, i^, it is formed without intervening 
seams or overlap, whereby skirt 1 1 forms a continuous, integral, monolithic section of graft 1. 

10 Fig. 2 depicts another embodiment of a graft 2 having a flared end according to the 

invention showing only the flared end, which is modified compared to that shown in Fig. 1. A 
tubular portion 20 of graft 2 has one flared end, formed by a skirt 21, which is asymmetrically 
flared to form a substantially circular opening 22. An axis 27 of opening 22 forms an oblique 
angle, e^, an angle greater than 0° and less than or equal to 90°, with an axis 23 of tubular 

15 portion 20. Thus, opening 22 may be substantially offset from tubular portion 20. Skirt 21 
forms an open space 25, which is circumferentially and volumetrically larger than the space 
provided in a corresponding section of the tubular portion 20. Preferably, graft 2 is monolithic, 
i.e. , it is formed without intervening seams or overlap, whereby skirt 21 forms a continuous, 
integral, monolithic section of graft 2. 

20 The flared end forms a skirt 21 having opening 22, which is formed by asymmetrically 

flaring the end of graft 2. Central axis 27 of opening 22 is formed at an oblique angle to the 
central axis 23 of tubular portion 20 of graft 2. This angular relationship facilitates the grafting of 
the skirt 21 onto a blood vessel, e.g. . a vein or an artery, at an acute angle. 



25 end, which is a fiirther modification of the flared end of Fig. 1. A skirt 31 is extended to form an 
elongated skirt portion 39, thereby increasing the volume of the interior space defined by skirt 31 
and elongated skirt portion 39. The axis of opening 32 is substantially parallel to, if not 
concentric with, an axis 33 of the tubular portion 30. Skirt 31 forms an open space 35, which is 
circumferentially and volumetrically larger than the space provided in a corresponding section of 

30 the tubular portion 30. Preferably, graft 3 is monolithic, i^, it is formed without intervening 
seams or overlap, whereby skirt 3 1 forms a continuous, integral, monolithic section of graft 3. 



Referring to Fig. 3, a graft 3 is still another embodiment of the invention having a flared 
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Referring to Fig. 4, a graft 4 is yet another embodiment of the invention having a flared 
end, which is modified compared to that shown in Fig. 1. A tubular portion 40 of graft 4 has one 
flared end, which terminates with a skirt 41, which is asymmetrically flared to form a 
substantially circular opening 42. An axis 47 of opening 42 forms an oblique angle, e.g. , an 
5 angle greater than 0° and less than or equal to 90°, with an axis 43 of tubular portion 40. Thus, 
opening 42 may be substantially offset from tubular portion 40. Skirt 41 forms an open space 
45, which is circumferentially and volumetrically larger than the space provided in a 
corresponding section of the tubular portion 40. Preferably, graft 4 is monolithic, i^, it is 
formed without intervening seams or overlap, whereby skirt 41 forms a continuous, integral, 
10 monolithic section of graft 4. 

As noted above, the flared end forms a skirt 41 having opening 42, which is formed by 
asymmetrically flaring the end of graft 4. Central axis 47 of opening 42 is formed at an oblique 
^0 angle to the central axis 43 of tubular portion 40 of graft 4. This angular relationship facilitates 
the grafting of the skirt 41 onto a blood vessel, e^^, a vein or an artery, at an acute angle. 
15 Referring to Fig. 5, a CABG 50 is shown, in which the flared end 56 of CABG 50 

1:^ connects the aorta 52 to coronary artery 54. Flared ends 56 of grafts 50 are anastomosed to the 

aorta 52. 

Sp Referring to Fig. 6, the flared end of a partial cross-sectional view of a CABG according 

py to the present invention is shown. Such a flared end may comprise at least three (3) structural 

%: 20 zones. Such layered structural zones are described in detail in U.S. Patent Nos. 4,605,762 and 
0 4,731,073, which are incorporated herein by reference. A first interior microporous zone 62 is a 

polyurethane material adjacent to a second zone 64 of nonporous polyurethane elastomer. First 
zone 62 forms a microporous blood interface having pores with diameters in a range of about 5 
to about 100 microns. The material of first zone 62 may be treated to become either hydrophillic 
25 or hydrophobic by known treatments, depending upon the use of the graft. Alternatively, first 
zone 62 may be made from a hydrophobic material, e.g. , Biomer'^^ polymer material, especially, 
in small diameter grafts. If desired, the hydrophillic or hydrophobic microporous blood interface 
may be coated with an antithrombogenic, such as albumin, gelatin, glycoproteins, bonded 
heparin, or comparable material to prevent or diminish early thrombus formation. 
30 Preferably, the polymer used to form first zone 62 has a low surface free energy or a high 

contact angle hysteresis, or both. Surface free energy may be measured by Zisman's critical 
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surface tension, yc. Preferably, the surface free energy is in a range of about 20 to about 30 x 10"^ 
N/cm. This combination of features allows the material of first zone 62 to exhibit the desirable 
qualities of flexibility, softness, and strength. Suitable polymer materials and admixtures for this 
and other zones are described in detail in U.S. Patent Nos. 4,675,361 and 4,861,830, which are 
5 incorporated herein by reference. 

Second zone 64 is an impervious zone, which may be formed from a segmented 
polyether polyurethane material. The term "segmented** refers to the relatively short length of a 
repeating unit, e^, less than about ten (10) monomeric units, but preferably less than about three 
(3) monomeric units, typically alternating more than once. This material may be continuous and 
10 may form a barrier to blood within the normally encountered blood pressure ranges. In an 
embodiment, second zone 64 may have a radial thickness of about 40 to about 240 microns. 

A t^rd zone 66 also may contain wound reinforcement wires or fibers 68 to prevent the 
collapse and\kinking of the CABG. As with second zone 64, third zone 66 may be formed from 
segmented poiyether-polyurethane. During the formation of this zone, however, salt particulates, 
15 such as sodium chloride particulates with an average diameter of less than about 38 microns and 
a range of diameters between about 15 and about 115 microns, may be used to form pores of 
corresponding sizes. In an embodiment, third zone 66 may have a radial thickness of about 400 
to about 3200 miqrons. 

Reinforcing member 68 may be made of a suitable filament, such as a wire, a 
20 polyethylene fiber, a solid elastomer, Kevlar® fiber, and the like. It is not necessary that 
reinforcing member 68 be limited to third zone 66 or to any single zone. Nevertheless, it is 
desirable that at least one of the zones is so reinforced. Reinforcing member 68 may be formed 
as a spiral about graft 60. The tensile elastic modulus of reinforcing member 68 is preferably in 
a range of about 68,947.57 to about 13,789,514 kPa (about 10,000 to about 2,000,000 psi). 
25 Moreover, the ratio of the distance between spiral loops, i^, the pitch of the spiral, to the 
diameter of reinforcing member 68, is preferably in a range of about 1.5 to about 5. 

Particularly for third zone 66, but also for first zone 62, the homogeneous pores are 
initially formed by the use of particulates of salt, such as sodium chloride or sodium bicarbonate. 
These salts are added to the polymer and are ultimately and largely removed by diffiision in a 
30 water or very dilute acid bath. If sodium bicarbonate is used, it also may act as a blowing agent, 
releasing CO2 and thereby decreasing the amount of salt to be removed from the core of each 
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pore. As noted above, the particulates used to form the pores are screened to afford a limited and 
somewhat narrow range of particulate diameters, so that the pores thus formed are limited to a 
narrow range of diameters. The result is a porous foam-like structure containing closed-cell or 
open-cell voids and having a substantially reduced density. 
5 The sah particulates and the polymer solution are completely and homogeneously mixed 

to form a slurry, from which the graft layers (or zones) are formed. Moreover, different slurries, 
with or without salt particulates, then may be used to form various layers, such as the three zones 
described above, on a mandrel. As discussed below, the various layers may be applied until the 
graft is fabricated. The layers on the mandrel then may be thoroughly dried to remove the 
10 solvent, and the salt particulates then may be removed in a water or dilute acid bath at about 
60°C. 

While Fig. 6 shows the three zones of the graft separated by solid lines, these zones may 
\D be homogeneously joined to each other while the substance of at least one of the zones is in a 
g liquid or semi-liquid state. The three zones may be formed from the same general material, such 
15 as polyurethane. The polyurethane may be dissolved in a solvent and applied as a viscous liquid. 
1^" The solvent within the liquid penetrates the surfaces of the joined zones and provides 

J' homogeneous mixing of the polymers and adhesion as if it were of one material. Consequently, 

Jj' the interface between zones has some finite dimension of thickness, not shown in Fig. 6, but 

fy having a composition which is a blend of the two adjacent zones. 

20 To form the grafts, such as CABGs, flared mandrels of suitable internal diameters are 

V made, and the polyurethane compositions or slurries containing such polyurethane are applied to 

the surfaces of these mandrels. Referring to Figs. 7a-c, such mandrels 70a-c may be made from 
glass, ceramic, metal, or another smooth surfaced material capable of receiving a polyurethane 
coating to form a graft and from which such a polyurethane graft may be removed without 
25 damage. Consequently mandrels 70a-c may be manufactured from a rigid, heat resistant material 
having a naturally non-stick surface or mandrels 70a-c may be made from a material coated with 
a suitable non-stick material, such as PTFE. 

The shape of mandrels 70a-c is chosen to conform to the desired shape of the grafts. For 
example, mandrels 70a-c include a tubular portion 72a-c, respectively, on which the tubular 
30 portion of the grafts may be formed. A flared end bulb 74a-c may be formed at one end of 
tubular portion 72a-c, respectively. By applying polyurethane to bulb 74a-c, a flared end of the 
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graft may be formed. While three bulb shapes are depicted in Figs. 7a-c, it will be understood 
by persons skilled in the art that various bulb shapes are possible and that the bulb shape may be 
selected to achieve any desired flared end size and shape. 

In addition, mandrels 70a-c may be further adapted for use in automated fabrication 
5 techniques an extension 76a-c is formed on bulb 74a-c, respectively. Extension 76a-c may be 
used to secure mandrel 70a-c while it is dipped in or drawn through a polyurethane composition 
or a slurry including a polyurethane composition. Alternatively, extension 76a-c may be used to 
suspend or to suspend and rotate mandrel 70a-c while a polyurethane composition is sprayed 
onto the surface of mandrel 70a-c. 

10 As described above, the grafts are formed with a flared end opening having a diameter 

greater than that of the tubular portion. Referring to Fig. 7a, dashed lines A-A and A'-A' show 
that shape and the orientation of the flared end opening may be altered by cutting the graft at 
different angles on bulb 74a. Referring to Fig. 7b, dashed lines B-B and B'-B' show that the 
diameter of the flared end opening and the length of the skirt may be altered by cutting the graft 

15 at different positions on bulb 74b. Moreover, referring to Fig. 7c, dashed line C-C and C'-C 
show that the length of the skirt of a graft, such as that described in Fig. 3, may be adjusted by 
cutting the graft at different positions on bulb 74c. 

The polyurethane coatings may be applied to the mandrel surface by various methods, 
including drawing the mandrel through a polyurethane slurry, dipping the mandrel in a 

20 polyurethane slurry, or spraying the mandrel with a polyurethane slurry. Multiple layers of 
polyurethane may be applied by repeating the application process. The thickness of a 
polyurethane layer may be controlled by varying the length of time which the mandrel remains 
exposed to the source of polyurethane ( e.g. . the length of time for which the mandrel is dipped in 
or drawn through the source of polyurethane) or duration or rate of spraying, or both, to which 

25 the mandrel is subjected. The thickness of each polyurethane layer may be controlled by passing 
the dipped mandrel through dies, which limit the layer thickness. Flared ends are formed at one 
end before the graft is dry, as described below. 

To form the micro-porous layers, homogenous pores may be initially formed by the use 
of soluble particulates, such as sodium chloride or sodium bicarbonate, which are eventually 

30 removed by diffusion in a water bath or dilute acid bath. The particulates utilized for this 
purpose are screened to afford a narrow range of sizes. The result is a porous or foam-like 
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structure having closed voids or open voids, or both. Preferably, average the pore diameters are 
in the range of about 15 microns to about 115 microns. More preferably, the average pore 
diameter is less than about 38 microns. 

Various slurries with or without particulates are formed and appHed directly onto the 
5 mandrels by dipping or drawing. Each layer is sequentially formed by dipping into or drawn 
through a slurry including a source of polyurethane having a pre-selected combination of 
particulates and polymeric solids, until the entire graft is fabricated. The coatings on the 
mandrels then are dried thoroughly to remove the solvent, and the sodium chloride or sodium 
bicarbonate particles may be removed in a water bath or dilute acid bath at about 60°C. The 
10 particle size and concentration of particles are arranged to control the density or porosity and 
pore size. Preferably, the total void percentage of volume in a micro-porous layer is in a range of 
about 30% to about 90% of the total layer volume, still more preferably, the total void percentage 
may be about 50%. 



15 wound around the previously dried layer(s). A final dip or drawing may be used to coat the wire 
or filament to adhesively fix the reinforcement onto the catheter. Preferably, the material used to 
form the layers is a polyurethane. Such polyurethanes preferably are made fi"om 
diphenylmethane diisocyanate (MDI), polytetramethylene oxide (PTMO) and a chain extender, 
such as an alkanediol or alkanediamine. 

20 Various polymers may be used to form layers (or zones) of the graft. The graft may be 

made fi-om a polymer selected from the group consisting of polyether urethanes, polycarbonate 
urethanes, polyester urethanes, and PHMO polyurethanes. For example, the polymer may be 
polyether urethanes, such as Thoralon® polymer material available from Thoratec Laboratories 
Corporation of Pleasanton, California, or Biospan® polymer material, available from The 

25 Polymer Technology Group, Inc. of Emeryville, California; polycarbonate urethanes, such as 
Chronoflex® polymer material, available from Cardiotech International, Inc. of Wobum, 
Massachusetts, or Bionate® polymer material, available from The Polymer Technology Group, 
Inc. of Emeryville, California; silicone polyether urethanes or silicone polycarbonate urethanes, 
such as PurSil™ polyner material or CarboSil™ polymeric material, respectively, available from 

30 The Polymer Technology Group, Inc. of Emeryville, California; or PHMO polyurethanes, such 



To form the reinforcing member or a reinforced outer layer, a filament or wire may 
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as Elast-eon™ polymer material, available from Elastomedic Pty Ltd. of Chatsworth, New South 
Wales, Australia. 

Referring to Fig. 8, a flow chart depicts an embodiment of a method for forming grafts 
according to the invention. In step 80, a first slurry containing a polyurethane composition is 
5 provide, and in step 81, a mandrel is selected with a desired size and shape. In step 82, the 
mandrel then may be dipped into or drawn through the first slurry. This process may be repeated 
until the desired layer thickness is achieved. Further, masking may be applied to the mandrel to 
ensure that only a portion of the mandrel's surface is coated in polyurethane. In step 83, the 
mandrel may be passed through a die to adjust the thickness of the polyurethane layer, and the 
10 polyurethane layer is partially cured. This partial curing allows the formation of distinct layers 
using slurries comprising up to about 70% solvent. 

In step 84, it is determined whether additional layers of polyurethane are to be applied to 
S the mandrel. If so, in step 80', an additional polyurethane slurry is provided, and in steps 82' and 
83', an additional layer is applied to the mandrel and the thickness of the additional layer may be 
:^ 1 5 adjusted by passing the mandrel through a die, and the polyurethane layer is partially cured. 



Once the desired layers have been deposited on the mandrel (step 84), the polyurethane 
layers are dried (e.g. , cured) in step 85. If the graft is to be reinforced (step 86), a graft 
reinforcement means, such as a wire or fiber, may be wound around the graft (step 87), and an 
additional coating of polyurethane may be applied over the graft reinforcement means (steps 



%1 20 80',82', and 83'). In step 88, excess graft material may be removed from the graft, and in step 
Q 89, salt particles may be leached from the graft to create the desired porous layer(s). 

Alternatively, the various slurries described above may be applied directly onto the 
mandrels by spraying. Each layer is sequentially formed by spraying an appropriate slurry onto a 
mandrel until the entire graft is deposited on the mandrel. The coatings on the mandrels then are 
25 dried thoroughly to remove the solvent, and the sodium chloride or sodium bicarbonate particles 
may be removed (e.g. . leached) in a water bath or dilute acid bath at about 60°C. As noted 
above, the particle size and concentration of particles are arranged to control the density or 
porosity and pore size. Preferably, the total percentage volume of voids or pores in a micro- 
porous layer is in a range of about 30% to about 90% of the layer volume, still more preferably, 
30 the total percentage volume of voids or pores may be about 50%. 
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To form the reinforcing member or a reinforced outer layer, a filament or wire may be 
wound around the previously dried layer(s). A final spraying or dipping may be used to coat the 
wire or filament to adhesively fix reinforcement onto the graft. As noted above, the material 
used to form the layers preferably polyurethane. Such polyurethanes preferably are made from 
5 diphenylmethane diisocyanate (MDI), polytetramethylene oxide (PTMO) and a chain extender, 
such as an alkanediol or alkanediamine. 

Referring to Fig. 9, a flow chart depicts another embodiment of a method for forming 
grafts according to the invention. In step 90, a first slurry containing a polyurethane composition 
is provided, and in step 91, a mandrel is selected with a desired size and shape. In step 92, the 
10 first slurry may be sprayed onto the mandrel. The spraying may be controlled through the use of 
masking or by carefiilly controlling the amount and directing of the sprayed slurry, such that a 
graft of precisely the desired size and shape may be formed on the mandrel. An advantage of 
this spraying technique is that it may be more efficient than the dipping or drawing techniques 
described above and may provide a more uniform coating with less wasted slurry. This process 
1 5 may be repeated until the desired layer thickness is achieved. 

In step 93, it is determined whether additional layers of polyurethane are to be applied to 
the mandrel. If so, in step 90', an additional polyurethane slurry is provided, and in step 92', an 
additional layer is applied to the mandrel. The thickness of the additional layer(s) may be 
controlled in the manner described above. 
;ij 20 Once the desired layers have been deposited on the mandrel (step 93), the polyurethane 

layers are dried (e.g. . cured) in step 94. If the graft is to be reinforced (step 95), a graft 
reinforcing member, such as a wire or fiber, may be wound around the graft (step 96), and an 
additional coating of polyurethane may be applied over the graft reinforcement means (steps 90' 
and 92'). In step 97, excess graft material may be removed from the graft, and in step 98, salt 
25 particles may be leached from the graft to create the desired porous layer(s). 

Referring again to Fig. 7a, to form a flared opening which has an axis of the opening 
which is not parallel to the axis of the graft tube, the flared end is cut at an angle so that the 
opening is imparted in the desired direction. Grafts, such as CABGs, may be sized to have inner 
diameters from about two (2) mm to about foxir (4) nun for the tubular portion of the graft 
30 gradually tapering to more than about twice this diameter for the flared opening. 
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The grafts according to the present invention are multi-layer having an inner layer, which 
is to be in contact with blood. This layer is a microporous and as all layers are made from 
preferably a polyether urethane-urea made from condensing MDI, PTMO, and ethylenediamine. 
The polyurethane preferably is end-capped with dibutylamine. This polyurethane preferably is 
5 the base polymer for all three of the layers. Referring again to Fig. 6, the first inner micro- 
porous blood contacting layer preferably contains an additive of about 1% to about 5% by 
weight, which is preferably made by condensing MDI, polydimethylsiloxane and 1,4-butanediol. 
The first layer preferably may have pores of less than about 38 microns in diameter formed by 
adding about 1400% sodium chloride particles by weight of polymeric solids to the layer and 
10 leaching these particles by exposure to a water bath or a dilute acid bath. The second layer is 
contiguous with the first inner layer, but will be nonporous, and contain about 1% to about 5% 
by weight, preferably, about 4.5%, of the same additive. The third and outermost or tissue 
contacting layer also may be porous and contain the additive. The additive of this layer also may 
be about 1% to about 5% by weight, preferably, will be about 3.5% by weight of the polymeric 
15 solids, and this layer similarly may contain pores of less than about 38 microns in diameter. 

In Such admixtures , the base polymer is the polymer, whose surface characteristics are 
modified bA the addition of the additive. As noted above, preferably, the surface characteristics 
are modifieduo achieve a low surface free energy or a high contact angle of adhesion, or both. 
^^^2JPie additive also may be selected to improve the structural properties, e^, flexibility, softness, 
^ 20 and strength, on the base polymer. Generally, the additive has a significantly lower Yc value than 
P that of the baseroolymer. The admixture's yc value may be reduced by dispersing the additive 

throughout the base polymer. Preferably, the additive is a thermoplastic, fiisible material that is 
soluble in a solvent and relatively uncrosslinked. Such an additive may be solidified and formed 
into the blood contacting layer (or zone), e^, first zone 62 in Fig. 6. The additive's surface free 
25 energy may be in a range of about 10 to about 35 x 10"^ N/cm (about 10 to about 35 dyne/cm). 
More preferably, its surface free energy is less than about 30 x 10"^ N/cm (about 30 dyne/cm), 
and an optimum surface free energy may be in a range of about 20 to about 25 x 10"^ N/cm 
(about 20 to about 25 dyne/cm). 

Alternatively, the porosity of subsequent layers may be somewhat less than that of the 
30 first layer. Such subsequent layers may be made by adding about 600% by weight of the 
polymeric solids of sodium chloride particles to the layer and leaching in a water bath or a dilute 
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acid bath. It will be appreciated that more than three layers may be utilized, e^, five, seven, 
nine, or more layers. The innermost layer preferably is micro-porous, but may be nonporous. If 
the innermost layer is micro-porous, preferably, there is a nonporous layer contiguous with the 
micro-porous innermost layer. 
5 The flared end may flare out from the outer diameter of the graft, about three (3) mm out 

to the maximum diameter of the desired flare, e.g. , about twelve (12) mm. In order to impart a 
flare less than the maximum diameter of the flared end of the mandrel, the mandrel is dipped or 
drawn into the coating slurry, so that the level of the coating composition only extends up to the 
portion of the flared mandrel that corresponds to the desired diameter. After the application of 
10 each layer, the layer is dried partially to apply the next layer. If the next layer is porous, it will 
contain salt particles; and after application of the slurry and drying of the graft, the salt particles 
may be leached out in an aqueous environment. After application of the a final, the spiral 
5 reinforcing fiber is applied over the graft and preferably again dipped in or drawn through the 
i: slurry to form a polyurethane coating over the wire to secure the wire to the graft. The mandrel 

P 1 5 then is withdrawn from the graft in the direction of the flare. 

^ Alternatively, the extent of the flared end may be controlled by carefiilly controlling the 

spraying of the slurry onto a mandrel. Specifically, the sprayed slurry may be controlled, so that 
it does not extend beyond a predetermined point on the mandrel. In yet another embodiment, 
masking may be applied to the mandrel to limit the coverage attained by sprayed polyurethane. 
20 Such masking may comprise physical or electromagnetic barriers or shields which prevent the 
sprayed polyurethane from contacting the surface of the mandrel. Alternatively, the masking 
may comprise a chemical composition, which repels the polyurethane or prevents it from 
adhering on the mandrel. 

Although the invention has been described with respect to preferred embodiments, the 
25 foregoing description and examples are intended to be merely exemplary of the invention. The 
true scope and spirit of the invention is not intended to be limited by the foregoing description 
and examples, but instead is intended to be commensurate with the scope of the following 
claims. Variations and modifications on the elements of the claimed invention will be apparent 
to persons skilled in the art from a consideration of this specification or practice of the invention 
30 disclosed herein. 
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